Cooling performance of MCHS
In order to drive the development of compact and efficient thermal management technology for advanced electronic devices, cooling devices have to be in light-weight, small in size and of high performance. Steinke and Kandlikar [4] presented a comprehensive review of friction factor data in microchannels with liquid flows. They indicated that entrance and exit losses need to be accounted for while presenting overall friction factors losses in microchannels. Most of the data that accounted for friction factor loss show good agreement with the conventional theory. They also provided a new procedure for correcting measured pressure drop to account for inlet and outlet losses. Furthermore, three-dimensional fluid flow and heat transfer phenomena inside heated microchannels were investigated by Toh et al. [5] . They solved the steady laminar flow and heat transfer equations using a finite-volume method. It was found that the heat input lowers the frictional losses and viscosity leading to an increase in the temperature of the water, particularly at lower Reynolds numbers. Peng and Peterson [6, 7] performed experimental investigations on the pressure drop and convective heat transfer of water flow in rectangular microchannels. They found that the cross sectional aspect ratio had a great influence on the flow friction and convective heat transfer both in laminar and [8] performed experimental and numerical analysis of the effect of axial conduction on the heat transfer in triangular microchannel heat sink. They pointed out that the bulk water and heated wall temperatures did not change linearly along the channel. Inspired by the MCHS idea, new designs and modeling approaches of high performance cooling devices have been proposed, including using nanofluids as coolants in the MCHS study. Nanofluids are produced by dispersing nanometer-scale solid particles into base liquids such as water, ethylene glycol (EG), oils, etc. Lee et al. [9] used 38.4 nm of Al 2 O 3 and 23.6 nm of CuO particles to enhance the thermal conductivity of water and EG. They showed that the enhancement percentage in thermal conductivity was not only a function of concentration and conductivities of the particles material and liquid, but it is also function of particle size and shape. Koo and Kleinstreuer [10] considered nanofluid flow in a representative microchannel, and conduction-convection heat transfer for different base fluids such as water and ethylene glycol with 20 nm CuO-nanoparticles. They come out with several suggestions which are a base fluid of high-Prandtl number such as ethylene glycol and oil should be used, using nanoparticles with high thermal conductivity are more advantageous, and a channel with high aspect ratio is desirable. Chein and Huang [11] analyzed silicon microchannel heat sinks performance using nanofluids with a mixture of pure water and nanoscale Cu particles as coolants with various volume fractions. The MCHS with two specific geometries, one with W ch =100 μm and L ch =300 μm, the other with W ch =57 μm and L ch =365 μm, were examined. They found that the performances were greatly improved for these two specific geometries by using nanofluids as the coolants compared with pure water due to the increase in thermal conductivity of coolant and the nanoparticles thermal dispersion effect. The effectiveness of nanofluids for single-phase and two-phase heat transfer in microchannels is analyzed by Lee and Mudawar [12] . They indicated that the higher single-phase heat transfer coefficients are achieved in the entrance region of microchannels with increased nanoparticle concentration. However, the enhancement is weaker in the fully developed region. They suggested that nanoparticles should not be used in two-phase MCHS. This is because once boiling commences, particles begin to deposit into relatively large clusters near the channel exit due to localized evaporation. This clustering phenomenon quickly propagates upstream to fill the entire channel, preventing coolant from entering the heat sink and causing catastrophic failure of the cooling system. Jang and Choi [13] analyzed numerically the cooling performance of MCHS with nanofluids. They showed that the cooling performance of a MCHS with water-base nanofluids containing diamond (1%, 2 nm) at fixed pumping power of 2.25W was enhanced by about 10% compared with that of a MCHS with water. There have been relatively few recent studies on nanofluid flow and heat transfer characteristics as comparing with those of pure fluid [14] [15] [16] . These studies showed that the heat transfer coefficient was greatly enhanced using nanofluid compared with pure fluid although there is a slight increase in pressure drop due to the presence of nanoparticles in MCHS operation. The enhancement depended on Reynolds number, particle volume fraction, and particle size and shape. It should be noted from the above literature review, however, that limited studies are available on nanofluid flow and heat transfer characteristics of rectangular shaped MCHS performance and this has motivated the present study.
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The current study mainly focuses on 3D computational simulation of heat transfer and laminar liquid flow characteristics in MCHS. Following this introduction section, the governing equations and numerical model is explained, followed by studies on the geometrical parameters with various MCHS shapes (Section 3), effects of different nanoparticle volume fractions (Section 4), effects of different nanofluids types (Section 5), and effects of nanoparticle in different base fluids (Section 6).
Problem description and methodology

MCHS model
The physical configuration of the MCHS is schematically shown in Fig.2.1 . The heat supplied to the MCHS substrate through a top plate is removed by flowing fluid through a number of 25 microchannels. This article focuses on heat transfer and liquid flow in three different cross sectional shapes of MCHS including rectangular, trapezoidal, and triangular. The dimensions of three different sets for each cross sectional shape of MCHS are given in 
Governing equations
In the analysis of the entire domain of MCHS, it is necessary to set up the governing equations (continuity, momentum, and energy). For the specific case of heated flow through microchannels, the governing equations are solved with the following assumptions: 1. Both fluid flow and heat transfer are in steady-state and three-dimensional. 2. Fluid is in single phase, incompressible and the flow is laminar. 3. Properties of both fluid and heat sink material are temperature-independent. 4. All the surfaces of MCHS exposed to the surroundings are assumed to be insulated except the top plate where constant heat flux boundary condition, simulating the heat generation from electronic chip, is specified. Thus, the governing equations in dimensionless form which are used in present study for heated MCHS can be written as [17] : Continuity Given the complexity of these equations, computational methods of solving them are required. The methodology used in the present study to solve these governing equations is described in the following section.
Boundary conditions
Boundary conditions for all boundaries are specified for this simplified computational domain. Fig.2 .1a shows the general MCHS computational model used in this study and Fig.2 .1b shows the cross sectional shapes of channel considered in the study. Heat, supplied to the aluminum substrate through a top plate, is removed by flowing fluid through a number of microchannels. At the entrance of the MCHS assembly (z = 0, from Fig.3 .4a), two types of boundaries are encountered which are water flows through the microchannels and removes heat conducted to the surface of the MCHS. The remainder of the entrance is occupied by the aluminum substrate.
At the microchannels sections, the inlet fluid temperature was taken as 293K and the inlet fluid velocity was calculated using
For rectangular cross-section MCHS,
where A is the channel flow area, P is the channel wet perimeter, H ch is the channel height, and W ch is the channel width. For trapezoidal cross-section MCHS,
where A is the channel flow area, P is the channel wet perimeter, a is the channel top width, b is the channel bottom width, c is the channel hypotenuse, and h is the channel height. For triangular cross-section MCHS,
where A is the channel flow area, P is the channel wet perimeter, k is the channel width, h is the channel height, and is the channel hypotenuse. The Reynolds number in this work was ranged from 100 to 1000. In calculating the velocity, the fluid is assumed to be evenly distributed into all microchannels. The transverse velocities at the inlet are assumed to be zero. On the aluminum substrate, the velocities are zero, and it is assumed to be an adiabatic surface. 
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Boundary conditions at the inlet:
At the outlet:
At the fluid-solid interface:
At the top plate:
In Eq. (2.6), U and θ are the dimensionless fluid inlet velocity and dimensionless temperature, respectively, P is the dimensionless pressure at the outlet, n is the direction normal to the wall or the outlet plane, and q w is the heat flux applied at the top plate of the heat sink. The heat flux applied at the top plate was ranged from 100-1000 W/m 2 .
Numerical solution using FVM
The governing conservation equations Eqs. (2) -(4) with the corresponding boundary conditions and equations for solid and fluid phases are simultaneously solved as a single domain conjugate problem using the standard finite volume method (FVM) with a hybrid differencing scheme [17] . The standard SIMPLE algorithm is used as the computational algorithm [18] . The iterations are continued until the sum of residuals for all computational cells became negligible (less than 10 −7 ) and velocity magnitudes did not change from iteration to iteration. Because of the assumption of constant fluid properties and negligible buoyancy, the mass and momentum equations are not coupled to the energy equation. Therefore, the temperature field is calculated by solving the energy equation after a converged solution for the flow field is obtained by solving the momentum and continuity equations. 
Numerical implementation, grid testing and code validation
Effect of geometrical parameters of various MCHS shapes
This section investigates the effect of geometrical parameters on heat transfer and fluid flow characteristics for different cross sectional shapes of MCHS including rectangular, trapezoidal, and triangular with the dimensions as stated in Table 2 .1-2.3, respectively. For this Section, water is used as the working fluid as the main aim is to investigate on the geometrical effects. For Section 4, 5, and 6, various nanofluids are used as the working fluid and only one particular cross sectional shape of MCHS with specified dimensions is considered for each Section. The dimensionless temperature profiles, heat transfer coefficient, friction factor, and thermal resistance which affected by geometrical parameters are discussed and presented.
Temperature profile
In the MCHS operation, the high temperature region should occur at the edge of the MCHS since there is no heat dissipation by fluid convection while the low-temperature region should occur in the region where microchannels are placed, especially at the middle regions of the MCHS due to the high heat transfer coefficient. To address this point, the dimensionless average temperature profiles of rectangular cross-section MCHS for different dimensions of the channel area at Re = 500 are presented in Fig.3 .1. The dimensionless temperatures for each channel can be defined as:
Where T f is the fluid temperature, T i is the inlet temperature, and T w is the wall temperature. It can clearly be seen from Fig.3 .1 that the lower temperature profile occurs in the channels The validity of present result shows a similar trend with the result obtained by Chein and Chen [19] . For fluid in channels close to the edge of the MCHS, higher temperature profiles are observed due to the high heat transfer from the high-temperature edge of the MCHS.
Heat transfer coefficient
The computed averaged heat transfer coefficient in each channel of the rectangular crosssection MCHS for various hydraulic diameters is illustrated in Fig.3 .2. The magnitude of heat transfer coefficient decreases with the increase in hydraulic diameter and the trends are the same for each cross sectional shape of the MCHS. This is due to the fact that lower pressure drop in larger hydraulic diameter corresponds to lower inlet velocity driven into the MCHS. Furthermore, due to the difference of the channel hydraulic diameter which is caused by the difference of channels' area and perimeter, the averaged heat transfer coefficient in each MCHS is also different under a given inlet velocity. For each type of the MCHS, the middle channel (channel number 14) has the highest averaged heat transfer coefficient value as expected. The averaged heat transfer coefficient value for other channels is seen to decrease depending on their distances from the wall. The averaged heat transfer coefficient distribution for all types of MCHS is almost symmetrical with respect to the centerline of the MCHS. It is shown that the heat transfer coefficient of the MCHS is greatly influenced by the hydraulic diameter of the channel, as the hydraulic diameter decreases, the heat transfer coefficient increases. The computed average heat transfer coefficient versus Reynolds number for different cross sectional shapes of the MCHS is presented in Fig.3 .3. It is apparent from this figure that the 
Friction factor
The effect of geometrical parameters on the friction factor, f for different microchannel shapes is discussed in this section. For the current study, the friction factor is calculated using Darcy equation [20] :
Where D h is the hydraulic diameter, is the pressure drop, is the density of water, u in is the inlet velocity of water, and L c is the length of channel. Fig.3.4 shows the friction factor, f, at different W c /H c ratios for rectangular cross-section MCHS. It is clearly observed that f increases with the increase of W c /H c ratio of the channel. Therefore, the flow resistance will increase evidently when the ratio is increased. The reason behind this is that the increase in W c /H c ratio causes a decrease in the flow area and the pressure drop becomes significant. The validity of the present numerical results was also approved by Kandlikar et al. [21] results, where f increases with the increase of W c /H c ratio for rectangular cross-section MCHS. Reynolds number, fRe from the present numerical simulation for trapezoidal cross-section MCHS with the experimental work done by Wu and Cheng [22] . As noticed, a very good agreement is obtained between the two studies whereby it is shown that fRe rises with the increase of Reynolds number. As can be noticed from Fig.3.6 , fRe increases linearly with the increase of Reynolds number due to the linear dependency of pressure drop on constant inlet velocity for a fixed hydraulic diameter in fully developed laminar region. Thus, fRe is linearly proportional to Reynolds number for fully developed channel flow.
The f with different tip angles of triangular cross-section MCHS is illustrated in Fig.3 .7. It is clearly observed that f increases with the increases of tip angle of the channel. The validity of the present numerical simulation result was also approved by the results of Kandlikar et al. [21] . The results show that the flow behavior is very similar for all types of cross sectional shapes of MCHS where the friction factor decreases with the increase of Reynolds number. In overall, From the Figs.3.4, 3.5, and 3.7, it is also apparent that f for rectangular shaped microchannel is most, for trapezoidal shaped microchannel is less, and for triangular shaped microchannel is least. This is due to the triangular shaped microchannel has a smallest area. For trapezoidal shaped microchannels, the flow area is changed suddenly from larger area to smaller area, thus the pressure drop would be large. Therefore, f value for trapezoidal shaped microchannels is also larger than the triangular shaped microchannels. For the rectangular shaped microchannels, the flow area is the largest which corresponds to the highest value of f. Therefore, f of water flowing in MCHS, having the same width and height but with different cross sectional shapes can be very much different due to the difference of the cross sectional shape and geometrical dimensions of the channels. 
Thermal resistance
The performance of the MCHS is commonly presented by the thermal resistance (R th ) which is defined as:
Another important parameter in MCHS operation is the pressure drop across the MCHS which relates to the coolant pumping power required. The pumping power is used to drive the coolant in MCHS operation. It is the product of the pressure drop across the heat sink,∆ and volume flow rate, Q:
where Q is defined as: For rectangular cross-section MCHS, (3.5) where N is the number of microchannels, W ch is the width of channel, H ch is the height of channel, and u in is the inlet velocity of water. For trapezoidal cross-section MCHS, (3.6) where N is the number of microchannels, k is the width of channel, h is the height of channel, and u in,nf is the inlet velocity of water.
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For triangular cross-section MCHS,
where N is the number of microchannels, k is the width of channel, h is the height of channel, and u in is the inlet velocity of water. The effect of using different cross sectional shapes of MCHS on thermal resistance, R th versus pumping power is shown in Fig.3 .8. The pumping power is determined from the calculated volume flow rate for rectangular, trapezoidal, and triangular cross-section shape using Eq.3.5-Eq.3.7, respectively, and computed pressure drop using Eq.3.4. It is evident from this figure that the R th for rectangular cross-section MCHS is the lowest followed by trapezoidal and triangular cross-section MCHS. Thus, a MCHS with rectangular crosssection is capable for removing high heat flux due to its small difference between maximum wall temperature and inlet temperature at particular pumping power compared with that for MCHS with trapezoidal and triangular cross-sections.
Effect of nanoparticle volume fractions on MCHS performance
Nanofluids are produced from a suspension of nanoparticles with specified volume fraction in a conventional base fluid such as water, have been gaining interest recently due to its potential to greatly outperform traditional thermal transport liquids in MCHS [23] . However, the cooling effectiveness of using nanofluid as well as addressing other technical problems, such as agglomeration of the nanoparticles which yield to MCHS clogging due to the high particle volume fraction are vital to practical implementation of the nanofluid-cooled MCHS. In the current study, the effect of using three different particle volume fractions on heat transfer and liquid flow characteristics in MCHS will be discussed. Since the cooling performance of MCHS with various cross sectional shapes is investigated in previous chapter, now a rectangular cross-section MCHS with specific dimensions as shown in Table 4 .1 is considered. Results of interest such as temperature, heat transfer coefficient, friction factor, wall shear stress, and thermal resistance are reported in this section. The forgoing thermophysical properties for the nanoparticle (alumina), base fluid (water), and the alumina-water nanofluid of three different volume fractions formulated are listed in Table 4 .2. The density, thermal conductivity, and dynamic viscosity of the nanofluid appear significantly increased while the specific heat of nanofluid decreased with the increase of its particle volume fraction compared to pure water. The nanofluid of φ = 5% alumina, for instance, has a relative increase of 14.88%, 15.17%, and 12.46% in the density, thermal conductivity, and dynamic viscosity and has a relative decrease of 14.14% in specific heat, respectively, compared to pure water.
339.15 43 280 10000 500 Table 4 .2. Thermophysical properties of alumina nanoparticles, water, and nanofluid at 293K.
Thermophysical properties of nanofluid
In this study, aluminum oxide with different particle volume fractions is used as the working fluid. The thermophysical properties required for flow as listed in Table 4 .2 are calculated using the following equations [24, 25, 26, 27] :
Heat capacity:
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Thermal conductivity:
Viscosity: = (1 + 2.5 ) (4.4)
Where is particle volume fraction, the subscript "nf" refers to nanofluid, "bf" refers to base fluid, and "p" refers to particle.
Temperature profile
The dimensionless temperature distribution at each channel of MCHS at Re = 900 for various particle volume fractions and different heat fluxes is shown in Figs.4.1-4 .3. The dimensionless temperature is calculated using Eq.3.1 (Section 3). The presence of nanoparticles has an effect of reducing the temperature as the particle volume fraction of nanofluids increasing due to its higher dynamic viscosity and lower heat capacity compared to pure water. However, these conditions only can be greatly achieved for the case of heat flux = 1000 W/m 2 compared to 100 W/m 2 and 500 W/m 2 . For case 100 W/m 2 and 500 W/m 2 , there is no significant differences between nanofluids and pure water, and the results are inconsistent for temperature distributions. Therefore, the presence of nanoparticles could enhance cooling of MCHS under the extreme heat flux conditions, the same trend was reported by Tsai and Chein [15] and Murshed et al. [28] . 
Heat transfer coefficient
The effect of increasing nanoparticle percentage volume fraction on the dimensionless heat transfer coefficient of the nanofluid in each channel of MCHS is shown in Fig.4.4 . The dimensionless heat transfer coefficient is calculated using:
Where h nf is the nanofluids heat transfer coefficient value and h avg,water is the average heat transfer coefficient of pure water. It is inferred that the nanofluids can enhance the heat transfer of MCHS as its volume fraction increases from 0% to 2.5%. However, nanofluid with 5% volume fraction is not able to enhance the heat transfer or performing almost the same result as pure water. This may due to agglomeration of the nanoparticles. The validity of the present results is confirmed with Murshed et al. [28] results. From Fig.4.4 , it is also observed that the middle channel (channel 14) has the highest averaged heat transfer coefficient value as expected. The averaged heat transfer coefficient value for other channels is seen to decrease depending on their distance from the wall. The present results as illustrated in Fig.5 .6 show similar trend with the results obtained by Liu and Garimella [29] and Chein and Chen [19] . Since higher temperatures are observed due to the heat transfer from the high-temperature edge of the heat sink, the averaged heat transfer coefficient is lower in channels close to the edge of the heat sink. 
Friction factor
The variation of the friction factor for various particle volume fractions is shown in Figs.4.5 and 4.6 for Reynolds number ranged from100-500 and 500-1000, respectively. The friction factor is calculated using Darcy equation [20] : Where D h is the hydraulic diameter, p  is the pressure drop, is the density of nanofluid, u in , nf is the inlet velocity of nanofluid, and L c is the length of channel. The results show that the friction factor is similar for all particle volume fractions where the friction factor decreases with the increase of Reynolds number. Based on Figs.4.5 and 4.6, it can be stated that the increment of dynamic viscosity due to the presence of the nanoparticles in water, only appears to give a slight rise in friction factor especially for low Reynolds number range (Fig.4.5 ). For high Reynolds number range (Fig.4.6 ), the nanofluid flow yields significant effect on friction factor. Fig.4 .7 shows a comparison of the predicted friction factor from the present numerical simulation against previous experimental studies [12, 30] . A very good agreement was obtained for φ = 0% (pure) and φ = 1% alumina, which shows that the friction factor decreases with the increase of Reynolds number. [12] and [30] . 
Wall shear stress
The effect of different volume fractions of nanoparticles on the local dimensionless wall shear stress is also investigated in the current study and the results are shown in Fig.4.8 . The dimensionless wall shear stress is calculated using:
Where τ nf is the nanofluid wall shear stress and τ avg, water is the average value of pure water wall shear stress. As depicted in Fig.4 .8, the wall shear stress increases with increasing Reynolds number for a specified percentage of volume fractions. It is clearly seen that for all cases investigated, the presence of nanoparticles substantially increases the wall shear-stress as compared with pure water. In general, for all cases examined, the least wall shear stress occurs at lower value of φ = 1 % while highest value occurs at φ = 5 %.
Thermal resistance
Since the maximum wall temperature (T w, max ) of nanofluid-cooled MCHS is lower than pure water-cooled MCHS, reduction of thermal resistance in nanofluid-cooled MCHS is then expected. If the presence of nanoparticles in coolant did not produce extra pressure drop which relates to the coolant pumping power required, it can then be considered as another benefit of using nanofluid as the coolant in MCHS operation. The volume flow rate, Q for rectangular shaped microchannel is defined as: (4.8) Where N is the number of microchannels, W ch is the width of channel, H ch is the height of channel, and u in , nf is the inlet velocity of nanofluid. The cooling performance of the MCHS using nanofluid is assessed by exploring the results for the thermal resistance, R th as defined in Eq.3.3. The variation of thermal resistance versus pumping power is presented in Fig.4 .9. The pumping power is determined from the calculated volume flow rate as defined in Eq.4.8 and computed pressure drop using Eq.3.4 (Section 3). As depicted in Fig.4 .9, the nanofluid is shown to have significantly lower value of R th as its particle volume fraction increases than pure water. For the current geometry under study, the maximum reduction in R th that can be achieved is about 57.6% for nanofluid with particle volume fraction of 5% at 0.0145 W. This great improvement in R th is mainly due to the increase in thermal conductivity and decrease in temperature difference between inlet and maximum wall temperature as the particle volume fraction increases. The additional reduction in R th is clearly due to the thermal dispersion. Since water has the highest R th value , it is not preferable for removing high heat flux. The percent enhancement of MCHS's cooling performance is actually calculated by using: Where R th,nf corresponds to thermal resistance of particular nanofluid and R th,water corresponds to thermal resistance of pure water. 
Effect of using different nanofluids on MCHS performance
Based on the results that obtained in Section 4 which focused on the effect of using different particle volume fractions of Al 2 O 3 -H 2 O on heat transfer and liquid flow characteristics in MCHS, it is known that nanofluids have the capability to enhance the heat transfer performance of MCHS with smaller pressure drop penalty. However, due to production of various nanofluids in market, further investigations on using different types of nanofluids in MCHS are necessary because the heat transfer enhancement of MCHS is strongly depend on thermophysical properties of dispersed nanoparticles in base fluid [31] . Thus, in this chapter, the effect of using six types of nanofluids on heat transfer and liquid flow characteristics in triangular cross-section MCHS with specified dimensions is comprehensively investigated. The specific dimensions of the triangular MCHS used in this section are given in Table 5 .1. A constant particle volume fraction value of 2% is considered for all types of nanofluids studied in this chapter. The thermophysical properties for all types of nanoparticles, base fluid (water), and the nanofluids with particle volume fraction of 2% are listed in Table 5 .2. For all types of nanofluids studied, the density, thermal conductivity, and dynamic viscosity appear significantly higher while the specific heat of nanofluids is lower than pure water. For instance, diamond-H 2 O nanofluid has a relative increase of 5.03%, 6.11%, and 5% in the density, thermal conductivity, and dynamic viscosity and has a relative decrease of 5.90% in specific heat, respectively, compared with pure water. Table 5 .2 including density, heat capacity, thermal conductivity, and viscosity for all types of nanofluids which are involved in the governing equations are calculated using Eqs.4.1-4.4 (Section 4), respectively.
Heat transfer coefficient
The thermal performance of using different types of nanofluids in MCHS is examined by presenting the results of the dimensionless heat transfer coefficient along the length of channel number 1 in Fig.5.1 . It is observed that all types of nanofluids-cooled MCHS could be able to enhance the heat transfer compared with pure water-cooled MCHS. The waterbase nanofluid containing diamond has the highest heat transfer coefficient value followed by SiO 2 , CuO, TiO 2 , Ag and Al 2 O 3 . However, there is no significant difference that can be detected between TiO 2 and CuO due to their small difference in thermal diffusivity. However, there is a very small increment in CuO-H 2 O-cooled MCHS especially at the outlet of the channel compared with that for TiO 2 Table 5 .2. Thermophysical properties of nanoparticles, water and nanofluids at 293K.
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Since the velocity at the entrance of the channel was kept constant at Re = 600, it can be noticed that the heat transfer coefficient decreases linearly along the length of channel because of the development of thermal boundary layer for all cases. The highest value of heat transfer coefficient occurs near the entrance. The present results show a similar trend with the results obtained by Lee and Mudawar [12] . It is also depicted from Fig.5 .1 that the difference in dimensionless heat transfer coefficient between various nanofluids is too small but it follows trend and not too far from reported values. From the results obtained, lowest thermal resistance is expected with diamond-H 2 O nanofluid cooled MCHS due to its lowest temperature distribution. Therefore, the presence of diamond nanoparticle in water could greatly enhance the cooling of MCHS compared with other types of nanofluids. This is due to the highest thermal transport capacity of diamond in nature and diamond particles are often used as filler in mixtures for upgrading the performance of a matrix (composition of mixtures) as reported by Xie et al. [32] . Thus, it is reasonable to expect that the addition of diamond nanoparticles in water would lead to heat transfer enhancement. 
Pressure drop
The dimensionless pressure distribution of the MCHS for various nanofluids and pure water along the length of channel number 1 is shown in Fig.5.2 . The dimensionless pressure distribution is calculated using: where ∆ is the pressure drop of particular microchannel configuration, ρ is the water density, and is the inlet water velocity. It can obviously be seen that the high pressure region occurs at the entrance and the low pressure region occurs at the outlet of the heat sink. This is due to the needs of high pressure to push the fluid flow along the direction of the microchannels out from the outlet plenum of heat sink. Thus, the pressure decreases linearly along the length of channel for all types of nanofluids studied including pure water. Because of that, there is no apparent difference observed between pure water and nanofluids flows particularly at the outlet region of MCHS. However, compared with pure water cooled case, slightly larger pressure drops for nanofluid-cooled MCHS were found except for Ag-H 2 O nanofluid which has the lowest value of pressure drop among nanofluids types. The water-base nanofluids containing SiO 2 has the highest value of pressure drop and followed by diamond-H 2 O respectively. The pressure drop in water-base nanofluids-cooled MCHS containing Al 2 O 3 and TiO 2 are slightly lower than diamond-H 2 O-cooled MCHS. Since the viscosity of nanofluids is larger than pure water as indicated in Table 5 .2, larger pressure drop is expected in nanofluid-cooled MCHS. Another reason that contributes to increase the pressure drop is the deposition of nanoparticle in water is increasing the wall roughness [28] . However, Ag-H 2 O-cooled MCHS still has lower value of pressure drop than pure water-cooled MCHS and there is no extra pressure drop in CuO-H 2 O-cooled MCHS as compared with pure water-cooled MCHS. The reason for this result is Ag-H 2 O has the lowest Prandtl number (Pr = 5.6 and followed by CuO-H 2 O (Pr = 6.1). The small difference in pressure drop between other types of nanofluids which can be seen in Fig.5.2 is due to small differences in their Prandtl numbers and SiO 2 -H 2 O yields the highest pressure drop across the MCHS due to its highest Prandtl number (Pr = 6.8). Therefore, the pressure drop penalty is not only affected by the viscosity of nanofluids but also the Prandtl number of nanofluids which need to be considered in nanofluids selection as a coolant for MCHS. Apart from that, slight increment in pressure drop particularly for Ag-H 2 O and CuO-H 2 O-cooled MCHS which can be considered as one of the benefits of using nanofluid in MCHS operations in order to achieve overall heat transfer enhancement with small pressure drop penalty.
Thermal resistance
The pumping power which is the product of the pressure drop across the heat sink,∆ and volume flow rate, Q, is calculated using Eq.3.4. The volume flow rate, Q for triangular shaped microchannel is defined as:
Where N is the number of microchannels, k is the width of channel, h is the height of channel, and u in,nf is the inlet velocity of nanofluid.
The thermal resistance for all types of nanofluids as function of pumping power is shown in , and 1.04% for water-base nanofluids containing Ag respectively, compared with that of the MCHS with pure water. The percent enhancement of MCHS cooling performance is also calculated using Eq.4.9. The great improvement in R th is mainly due to the increase in thermal conductivity and decrease in temperature difference between inlet and maximum wall temperature. The additional reduction in R th is also due to the thermal dispersion of particle volume fractions.
Effect of using different base fluids on MCHS performance
Since base fluid for all types of nanofluids studied in Section 5 was water, it is important and necessary to know the heat transfer and liquid flow characteristics in MCHS using other types of conventional base fluids such as ethylene glycol (EG), glycerin, and oil. By using other types of conventional base fluids instead of using water, the MCHS cooling performance could be enhanced or may not. Thus, considering nanofluid flow in a microchannel, the effect of using different types of base fluids including water, EG, engine oil, and glycerin on heat transfer and liquid flow characteristics in trapezoidal shaped MCHS which was selected for this chapter with specified dimensions is extensively discussed in this chapter. The specified dimensions are given in Table 6 .1.
Since the best uniformities in heat transfer coefficient and temperature can be achieved in MCHS using diamond nanoparticle as obtained in Section 5, the diamond nanoparticle is selected and considered for all types of base fluids studied in this chapter. The thermophysical properties for diamond nanoparticle, for all types of base fluids, and the nanofluids with particle volume fraction of 2% formulated are listed in Table 6 .2. For all types of nanofluids, the density, thermal conductivity, and dynamic viscosity appear significantly higher while the specific heat of nanofluids is lower than the base fluids. For instance, the EG-diamond nanofluid has a relative increase of 4.28%, 6.12%, and 5% in the density, thermal conductivity, and dynamic viscosity and has a relative decrease of 4.77% in specific heat, respectively, compared with EG base fluid. The thermophysical properties as listed in Table 6 .2 including density, heat capacity, thermal conductivity, and viscosity for all types of base fluids for nanoparticles are calculated using Eqs.4.1-4.4 (Section 4), respectively. Table 6 .2. Thermophysical properties of diamond nanoparticels, base fluids and nanofluids at 293K.
Temperature profile
The effect of different types of base fluids on dimensionless temperature variation is presented in Fig.6 .1. It can clearly be seen that the temperature of pure water is always highest among all types of base fluids. By comparing dimensionless temperature distributions between different types of base fluids, glycerin-diamond has the lowest value of temperature while water-diamond has the highest value of temperature and followed by EG-diamond and oil-diamond. Based on results shown in Fig.6 .1, it can be stated that the lowest thermal resistance is expected in the glycerin-diamond fluid cooled MCHS due to its lowest temperature distribution. Therefore, the presence of diamond nanoparticle in glycerin could greatly enhance the cooling of MCHS compared with other types of base fluids studied. This is because of glycerin has the highest dynamic viscosity in nature compared to other base fluids and diamond particle mixed properly in glycerin which contribute to increase the thermal transport capacity of the mixture.
Heat transfer coefficient
The thermal performance of using different types of base fluids in MCHS is examined by plotting results of the dimensionless heat transfer coefficient along the length of channel number 20 as shown in Fig.6 .2. Koo and Kleinstreuer [10] reported that higher Prandtl number base fluids-cooled MCHS could be able to enhance the heat transfer performance of MCHS as compared with water base-cooled MCHS. This was proven by the present results where the glycerin base-cooled MCHS has the highest ℎ value due to the highest Prandtl number value followed by oil, and EG. The ℎ for high Prandtl number base fluids is always higher than that for water base fluid. This is due to the fact that high Prandtl number base fluids are experiencing stronger thermal flow development effects as reported by Koo and Kleinstreuer [10] . However, there is no significant differences in ℎ for EG, oil, and glycerine but when the plot is zoomed in, there are slight differences in ℎ where glycerin base-cooled MCHS has the highest ℎ value, oil is in between, and EG is the least. For each type of the heat sinks, the middle channel (channel number 14) has the highest ℎ value as expected. The averaged heat transfer coefficient value for other channels is seen to decrease depending on their distances from the wall. The averaged heat transfer coefficient distribution for all types of MCHS is almost symmetrical with respect to the centreline of the heat sink. The highest ℎ is achieved in copper made microchannels, which has the lowest thermal diffusivity followed by aluminium, steel, and titanium. The increase in ℎ could be attributed to the decreased conduction resistance along the microchannel wall due to much lower thermal diffusivity in copper made microchannels. The averaged heat transfer coefficient of oil and glycerine base-cooled MCHS shows a similar trend as for EG base-cooled MCHS. However, the condition becomes different for low Prandtl number base fluid (water) where the highest ℎ is present in steel made microchannels as depicted in Fig.6 .5. This proves that the thermal diffusivity of substrate material on the heat transfer in micro domains has significant effect for low and high Prandtl number base fluids. Thus, based on the results presented in Fig.6 .5, it can be stated that the heat transfer performance of a low Prandtl number base fluid such as water can be greatly enhanced by using it as a coolant in MCHS of a high thermal diffusivity made substrate material such as steel. 
Pressure drop
The variation of dimensionless pressure of the MCHS for various base fluids along the length of channel number 20 is presented in Fig.6 .6. It can obviously be seen that the high pressure region occurs at the entrance and the low pressure region occurs at the outlet of MCHS. This is due to the needs of high pressure to push the fluid flow along the direction of the microchannels out from the outlet plenum of heat sink. Thus, the pressure decreases linearly along the length of channel for all types of base fluids studied. The higher for nanofluid-cooled MCHS is found in high Prandtl number base fluids due to the highest dynamic viscosity as stated in Table 6 .2 as reported by Koo and Kleinstreuer [10] . The water base-cooled MCHS has the lowest value of pressure drop due to its lowest dynamic viscosity among other base fluids. There is no apparent difference in between EG, oil and glycerin as can be seen in Fig.6 .6 although glycerin has the highest value of followed by oil and EG, respectively. Since the dynamic viscosity of EG, oil and glycerin base fluids is larger than water, larger pressure drop is expected in the high Prandtl number base fluids than the low Prandtl number base fluids. Thus, selection of high Prandtl number base fluids as coolant in MCHS should be considered in balancing heat transfer enhancement and pressure drop penalty. 
Conclusions
The cooling efficiency of MCHS is numerically investigated using the FVM in this study. A three-dimensional model, fully developed laminar flow and heat transfer governing equations are solved using the finite volume method. Based on these effects, several conclusions can be drawn from all the simulation results. For the effects of MCHS geometrical parameters: In order to achieve overall heat transfer enhancement in MCHS, it is envision that rectangular cross-section MCHS with a small hydraulic diameter was of greater benefit to the heat transfer coefficient with a lower penalty in pressure drop and friction factor compared with trapezoidal and triangular cross section MCHS. For nanofluids in MCHS:  The cooling performance of MCHS improved well when the particle volume fraction increases. However, the heat transfer becomes poor in larger amount of particle volume fraction of nanofluid flow as the heat transfer could not be enhanced compared with pure water.

The presence of nanoparticles substantially increases the friction factor and wall shear stress. Both are rises with the increase of particle volume fractions.
The nanofluid-cooled MCHS has lower thermal resistance than pure water-cooled MCHS. The thermal resistance decreases as the particle volume fraction increases.  Diamond nanoparticles dispersed in water is preferable since diamond-H 2 O-cooled MCHS has highest heat transfer coefficient value among the others.  Ag nanoparticles dispersed in water is recommended as it has lowest pressure drop and wall shear stress among the other nanofluids studied.  In order to achieve overall heat transfer enhancement, a base fluid of high Prandtl number (210-12800) such as glycerin, oil, and ethylene should be used to maximize the merits of adding nanoparticles for fluid flow in MCHS.  Different types of base fluids do not have a significant influence on the friction factor.  The heat transfer for low Prandtl number fluid flow such as water is greatly enhanced in high thermal diffusivity made material such as steel compared with low thermal diffusivity materials. These findings suggest that for low Prandtl number base fluids, the substrate material of high thermal diffusivity is desirable and vice versa in order to achieve a better heat transfer in MCHS. 
Nomenclature
